Several characteristics of the hypothalamo\p=n-\hypophysial axis were examined after down-regulation of GnRH receptors and the desensitization which accompanies it in the ewe. Down-regulation of GnRH receptors, induced by i.v. infusion of GnRH (2\m=.\5\g=m\g/h) for 24 h, resulted in a 50% decrease in the number of receptors for GnRH at the end of the infusion period. The number of receptors for GnRH was restored to control values by 6 h after the infusion ended and remained stable at 12, 24, 48, 72 and 96 h after infusion. The amount of LH released in response to an i.v. injection of 100 \ g=m\ g GnRH was reduced by 82% at the end of the infusion period, but there was no significant reduction in the GnRH-induced release of FSH. The GnRH-induced release of LH was restored by 12 h after the infusion ended; however, the amount of FSH released in response to GnRH was not different from control values at any time. A decrease in both the amplitude and frequency of endogenous pulses of LH was observed from 0 to 12 h after the end of the infusion period. At no time did the concentration of gonadotrophins in the pituitary change. These results demonstrate that replenishment of receptors for GnRH and recovery of the ability of the gonadotroph to release LH are associated events. However, the GnRH-induced release of FSH does not appear to be closely related to the number of GnRH receptors. We suggest that continuous exposure to GnRH may inhibit the hypothalamic pulse generator as well as the pituitary response to the pulse generator.
Introduction
In the pituitary of the ewe, down-regulation of receptors for GnRH is associated with desensitization, a decrease in the release of gonadotrophin in réponse to a subsequent injection of GnRH (Nett et al., 1981) . This desensitization occurs despite the fact that pituitary concentrations of gonadotrophins are not lower in experimental than control animals (Nett et al., 1981) . Desensitiz¬ ation has been observed after acute or chronic administration of GnRH, or its analogues, in rats (Garner & Blake, 1979; Clayton, 1982) , sheep (Chakraborty et al., 1974) and women (Rabin & McNeil, 1980; Heber & Swerdloff, 1981) . Because of the potential clinical uses of GnRH and its analogues in the treatment of infertility, acyclicity or in regulation of oestrus, it is particularly important to know the duration of desensitization after down-regulation of GnRH receptors by homologous hormone. The difficulties in achieving therapeutic success in the treatment of human infertility with GnRH and its analogues are well documented (for review see Labrie et al., 1981) . A paradoxical antifertility effect is actually seen following treatment with these peptides in rats (Rivier et al., 1979) , monkeys (Fraser, 1980; Fraser et al., 1980) , men (Heber & Swerdloff, 1980) and women (Koyama et al., 1978; Sheehan et al., 1982) . The suppression of gonadotroph function may also be used to advantage in the treatment of various endocrine disorders or malignancies (Glodé et al., 1981; Santen et al., 1984) .
The following experiments were designed, therefore, to examine the replenishment of receptors for GnRH in the plasma membrane, recovery of pituitary responsiveness to GnRH, pituitary content of gonadotrophins and endogenous release of gonadotrophins after down-regulation of GnRH receptors by homologous hormone.
Materials and Methods
Three experiments were conducted to examine the hypothalamo-hypophysial axis after continuous exposure to GnRH.
Experiment 1
Restoration of the number of receptors for GnRH, the pituitary content of gonadotrophins and the response of the pituitary to GnRH were examined daily for 4 days after down-regulation of GnRH receptors.
Twenty-five ewes that had been ovariectomized for 60-80 days were fitted with jugular cannulae and placed in metabolic crates. Down-regulation of GnRH receptors was induced in these ewes by infusing GnRH (2-5 µg/h) for 24 h as previously described (Nett et al., 1981) . Blood samples were obtained at -1, -0-5, 0, 2, 4, 6, 8, 23 and 24 h of infusion. At the end of the infusion period, ewes were removed from metabolic crates and returned to indoor pens. To measure changes in the responsiveness of the pituitary to GnRH during recovery from down-regulation of GnRH recep¬ tors, 100 µg GnRH were injected i.v. at 0, 24, 48, 72 or 96 h (5 ewes/group) after the end of the infusion period. Blood samples were collected at 30-min intervals from 1 h before the injection of GnRH until 5 h after injection. Five ewes that did not receive any infusion were also given 100 ug GnRH and served as controls.
The infusion procedure was then repeated in 30 other ewes. These ewes (6/group) were killed with an overdose of pentobarbitone sodium at 0, 24, 48, 72 or 96 h after the end of infusion. Six ewes that did not receive any infusion were also killed and served as controls.
At slaughter, the pituitary was removed from each ewe and placed on ice. The connective tissue and posterior lobe were discarded and each anterior pituitary was weighed, frozen in liquid nitrogen and stored at -70°C until assayed for GnRH receptors and content of gonadotrophins. This experiment was conducted in December 1981.
Experiment 2
After the results of Exp. 1 were obtained, Exp. 2 was conducted to evaluate the same character¬ istics at shorter times after the end of infusion. Infusions of GnRH were administered as described above to 30 ewes that had been ovariectomized for 3-4 weeks. Six ewes each were then given 100 µg GnRH i.v. at 0, 6 and 12 h after the end of infusion. Blood samples were collected at 30-min intervals from 1 h before to 5 h after injection of GnRH. At each of those times, 4 ewes were also killed and their pituitaries were collected. An additional 10 ewes that did not receive any infusion served as controls. Six of these were given 100 µg GnRH to assess pituitary responsiveness, and the remaining 4 ewes were killed and their pituitaries were collected. All pituitaries were stored as described for Exp. 1. This experiment was conducted in March and April 1983.
Experiment 3
This experiment was conducted to characterize the pulsatile nature of gonadotrophin release in addition to the GnRH-induced release of LH. Thirty-five ewes were given infusions of GnRH as described above. Blood samples were collected every 20 min for 1 h before the start of infusion and hourly from the time the infusion began until 6 h before the GnRH challenge injection was administered. Challenge injections of GnRH (100 µg) were given at 0, 3, 6, 12 and 24 h (5 ewes/ group) after the end of the infusion period. Two control groups (5 ewes/group) were included in this experiment: one group was confined to metabolism crates and infused with saline, and the other group did not receive any treatment. Blood samples were obtained from both control groups identically to the infused ewes. The two groups of control ewes were given challenge injections at the end of the 24 h infusion period. For the 6 h before the challenge injection, blood samples were obtained at 10-min intervals so that endogenous pulses of LH could be characterized. This experiment was conducted in April-June 1985.
Assays
The number of receptors for GnRH was measured in a partly purified membrane preparation of each individual pituitary by a standard curve technique described previously (Nett et al., 1981) . Briefly, 50 and 100 µg aliquants of partly purified membrane protein from each pituitary were incubated with 0-2M-[125I]D-Ala6-GnRH-Pro9-ethylamide (p-Ala6-GnRH-EA) in a total volume of 150 µ buffer (lOmM-Tris, 1 mM-CaCl2, 01% BSA, pH 7-4) for 6 h at 4°C. At the end of incu¬ bation the membranes were diluted with 3 ml ice-cold buffer and centrifuged for 10 min at 30 000 g. The supernatants were decanted and the radioactivity remaining in the pellet was quantified. The amount of [125I]D-Ala6GnRH-EA specifically bound to membranes from each pituitary was com¬ pared with a standard curve generated by incubating 0-2 nM-[125I]D-Ala6-GnRH-EA with increas¬ ing quantities (3 1 ug to 150µg protein) of a standard pituitary membrane preparation. The number of receptors in the standard pituitary membrane preparation was determined by Scatchard analysis (Scatchard, 1949) from data obtained by incubating various concentrations of [125I]D-Ala6-GnRH-EA (01 µ to 1 dm) with a constant amount of the standard pituitary mem¬ brane preparation. The number of receptors for GnRH per µg of standard pituitary membrane was then applied to the standard curve and used to calculate the number of receptors in the pituitaries of the experimental sheep. The interassay coefficient of variation was 6-4%, and the assay detected as little as 1-5 10"15 mol receptor. Over a period of 3 years, the number of receptors measured in aliquants of the standard membrane pool was 5-37 + 0-15 10"16 mo^g protein (mean + s.e.m.). The membranes had been kept frozen at -70°C.
The concentrations of LH (Niswender et al., 1969) and FSH (L'Hermite et al., 1972) were measured in pituitary cytosol and sera by radioimmunoassay. The interassay coefficient of vari¬ ation for both assays was < 15%. The assay sensitivity (2 standard deviation from buffer control) was 50 pg for LH and 3 ng for FSH. Concentrations of gonadotrophin are reported in units of NIH-LH-S21 and NIH-FSH-S12.
Statistical analysis
Pituitary responsiveness to GnRH was determined by calculating the area under the response curve. Each LH and FSH response curve was graphed and the area above baseline was cut out and weighed.
Pulses of gonadotrophins were identified according to the criteria of Goodman & Karsch (1980): (1) a peak must occur within two samples of a previous nadir, (2) the amplitude of the pulse must be greater than the sensitivity of the assay, and (3) the concentration of hormone at the peak must exceed the 95% confidence limits of the concentration of both the preceding and subsequent nadirs. Confidence limits for the hormone concentration in each sample were determined using the computer program of Duddleson et al. (1972) . The sensitivity of the assay was defined as two standard deviations from buffer control. Amplitude of the pulse was defined as the concentration of hormone at the peak minus the concentration of hormone at the previous nadir.
Results were compared by analysis of variance. When variances between treatment groups were unequal, the results were subjected to log transformation before analysis of variance. Means for treatment and control groups were compared according to Dunnett's procedure (Steel & Torrie, 1960) .
There were no differences between the untreated and saline-infused control groups in Exp. 3 with regard to any of the values measured. Therefore, these 2 control groups were combined for the final analysis of data. Each experiment was analysed separately. Since there were no differences between identical treatment groups in different experiments, all data were combined for a final analysis. When appropriate, the combined data of the experiments are presented for clarity.
Results
As expected, infusion of GnRH resulted in increases in serum concentrations of LH and FSH that were maximal 2 h after the initiation of infusion. Concentrations of LH and FSH in serum then declined, reaching a concentration similar to the pre-infusion baseline by 6 h (FSH) and 23 h (LH).
The concentration of LH in serum remained at baseline in the absence of exogenous GnRH for 96 h after the infusion was stopped. In contrast, the concentration of FSH in serum continued to decline during the last part of the infusion period, and gradually returned to the preinfusion baseline during the next 96 h. Data from Exp. 1 are presented in Fig. 1 .
The number of receptors for GnRH was reduced (P < 005) by 50% at the end of the infusion period compared to the number of receptors in ewes not receiving infusions (Fig. 2) . By 6 h after the end of infusion, the number of GnRH receptors was not different from that measured in control animals. The number of receptors remained stable from 6 to 96 h after the infusion period ended. After infusion Hours Fig. 1 . Concentrations of LH and FSH (mean + s.e.m.) in serum during a 24-h infusion of GnRH and 0, 24, 48, 72 and 96 h after the end of the infusion period (Exp. 1, 5 ewes/group). Because of the variation in concentrations of FSH between animals, data are presented as % of the mean of pre-infusion samples. A, values significantly greater than baseline (P < 005). . values significantly lower than baseline (P < 005). Initially, the GnRH-induced release of LH followed a pattern similar to the number of GnRH receptors, in that there was an 82% reduction (P < 005) in the amount of LH released in response to injection of GnRH at the end of the infusion period (Fig. 3) . However, unlike the number of GnRH receptors, the GnRH-induced release of LH remained suppressed at 3 h and 6 h after the end of infusion. LH responsiveness did not differ from control from 12 to 96 h after infusion was stopped.
In contrast to the GnRH-induced release of LH, the GnRH-induced release of FSH in treated animals was not different from that in control animals at any time after the end of the infusion period (data not shown).
Both the frequency (number of pulses in 6 h) and amplitude of pulses of LH were reduced, compared to control ewes, in ewes bled 0 to 6 h after the end of infusion and 6-12 h after the end of infusion (Table 1 ). The amplitude of LH pulses was still reduced in ewes bled from 18 to 24 h after the end of the infusion period, although pulse frequency had returned to control values. The mean amplitude of LH pulses was also reduced in the -3 to + 3 h group. This reduction was not signifi¬ cant when tested with Dunnett's procedure, however, because there were few observed pulses. FSH did not appear to be released in a pulsatile pattern in any ewe.
Concentrations of LH and FSH in pituitary cytosol were unchanged by treatment throughout the period of study, and did not differ from concentrations in control ewes (Fig. 4) . 
Discussion
The down-regulation of receptors for GnRH observed at the end of the infusion of GnRH is similar to that described previously (Nett et al., 1981) . It is unlikely that this decrease in measurable recep¬ tors is due to occupancy of the receptor sites because of the rapid dissociation of native GnRH from its receptor (Wagner et al., 1979) . Any native hormone bound to the GnRH receptor would therefore dissociate and be discarded during preparation of the membrane fraction to be used for assay. In fact, in pituitaries collected from ewes after a 16-h infusion of GnRH, only 8 ± 2fmol GnRH could be extracted with acidified methanol (Nett & Adams, 1977) from the membrane fraction (Nett et ., 1981) . The number of receptors measured in these same membranes was 198 + 50fmol. Considering the affinity of the receptor for GnRH ( = 7 9 m"1), it is probable that none of the hormone would actually be bound to receptor. The increase in the number of hypophysial receptors for GnRH to preinfusion values after down-regulation is notably rapid. In rat testis (Conti et al., 1977; Hsueh et al., 1977; Saez et ai, 1978) and rat corpora lutea (Conti et al., 1977) , receptors for LH returned to control levels over a period of 5-10 days after down-regulation induced by hCG. In sheep corpora lutea in which the LH receptors had been down-regulated by LH, recovery of receptors was complete within 48 h (Suter et al, 1980) . In cultured pituitary cells from rats, down-regulation of receptors for GnRH occurred 1 h after administration of GnRH (Loumaye & Catt, 1983) . The number of receptors for GnRH returned to the control value by 5 h and then increased to 120-140% of control value by 10 h. In contrast to the present study, these authors did not see a decrease in the release of LH associated with downregulation of GnRH receptors. However, LH was measured in aliquants of media withdrawn at intervals and thus represented accumulation of LH rather than GnRH-stimulated release of LH (Loumaye & Catt, 1983) .
The decrease in the number of receptors for GnRH after infusion of GnRH was accompanied by a reduction in the amount of LH released by GnRH stimulation. Similarly, in rat pituitary cells in culture, GnRH induced a 70% reduction in the number of receptors for GnRH and a 93% decrease in the ability of the cells to release LH (Hazum & Schwartz, 1984) . The reduction in GnRH-induced release of LH at the end of the infusion period (0 h) in the present study can probably be attributed to down-regulation of GnRH receptors and not to depletion of pituitary stores of LH since at no time was there a significant decrease in the concentration of gonado¬ trophins in the pituitary. However, Bremner & Paulsen (1974) have reported that there are two pools of LH in the pituitary: a readily releasable pool and a non-releasable pool. During a GnRH infusion the readily releasable pool of LH is rapidly depleted (Bremner et al., 1976 (Bremner et al., ,1980 de Koning et al., 1976) . LH stored in the non-releasable pool must then be transferred to the releasable pool, a step which is partly blocked by actinomycin D (Vilchez-Martinez et al., 1976) . At present we have no indication of how rapidly LH can be changed from a non-releasable form to a releasable form. Therefore, although pituitary content of LH did not decline overall, the portion of LH in a releasable form may be reduced for some time after the end of the infusion.
Although the number of GnRH receptors had increased to control values by 6 h after the end of infusion, the GnRH-induced release of LH remained suppressed until 12 h. Similarly, Smith et al. (1983) observed that, in rat pituitary cells in culture, the number of GnRH receptors increased to 150% of control value at 12 h after exposure to GnRH, but the GnRH-induced release of LH remained depressed. These results suggest that, while down-regulation of receptors may account for the initial reduction in tissue responsiveness, some post-receptor mechanism may also be involved in desensitization.
In contrast to LH, the pattern of FSH release in response to GnRH does not appear to be closely associated with the number of GnRH receptors, since at no time was the GnRH-induced release of FSH significantly lower than the control value. Basal concentrations of LH and FSH were also divergent. While basal concentrations of LH in serum were similar to the pre-infusion baseline each day after the infusion ended, basal concentrations of FSH were depressed until 96 h after the end of infusion. The absence of ovarian steroids which could selectively modulate secretion of the two gonadotrophins, and the observation that concentrations of LH and FSH in the pituitary did not change during the experiment make it difficult to explain the difference in secretion of the two gonadotrophins. It is possible that in the ovariectomized ewe, which lacks inhibin, FSH secretion is maximal because it is no longer selectively inhibited. This may explain why there was no suppression of the GnRH-induced release of FSH, but it does not provide a reason for the depression in basal concentrations of FSH. In other studies, altering the frequency of pulsatile administration of GnRH to ovariectomized rhesus monkeys bearing hypothalamic lesions altered the patterns of gonadotrophin secretion (Knobil, 1981) . Frequencies greater than 1 pulse/h resulted in diminished secretion of both gonadotrophins, while a frequency of 1 pulse/3 h had no effect on LH secretion, but resulted in increased release of FSH. These studies prompted us to examine the pulsatile release of LH after continuous infusion of GnRH.
In the present study we noted a decrease in the frequency of endogenous pulses of LH between 0 and 12 h after the end of the infusion. When both GnRH and LH have been measured, pulses of LH in serum have always occurred in synchrony with or slightly after pulses of GnRH (Clarke & Cummins, 1982) . Therefore, the decrease in LH pulse frequency observed in this study is due presumably to a reduction in the frequency of hypothalamic pulses of GnRH. Our data show a correlation between this presumptive decrease in GnRH pulse frequency and a decrease in GnRHinduced release of LH, but not GnRH-induced release of FSH. This provides further support for the concept that while GnRH may regulate the potential of the gonadotroph to release LH, it may not be the only regulator of FSH release. In fact, antiserum to GnRH abolished pulsatile secretion of LH in castrated rats but had no effect on the number of FSH pulses (Culler & Negro-Villar, 1986) .
From 0 to 24 h after the end of the infusion period, a decrease in the amplitude of LH pulses was also observed. Serum concentrations of GnRH were not measured in this study, so it was not possible to determine whether the amplitude of hypothalamic pulses of GnRH was also reduced. However, because the number of GnRH receptors and the ability of GnRH to release LH had been restored to control values by 6 h and 12 h, respectively, it appears that neither the concentration of GnRH receptors, a post-receptor defect, nor a deficiency in the releasable pool of LH could be limiting the response of the pituitary to GnRH at 24 h after the end of the infusion. It seems likely that the amplitude of endogenous pulses of GnRH may be suppressed for 24 h after the end of the GnRH infusion period.
In rats, the stress of immobilisation has been shown to inhibit the increase in the number of GnRH receptors and the release of LH which are induced by GnRH (Garcia et al., 1985) . There are no reports of such an effect in sheep. In the present study, we did not observe any differences between the uninfused control ewes and the saline-infused control ewes with regard to any characteristic measured. It is therefore unlikely that the down-regulation of GnRH receptors and the decreases in amplitude and frequency of LH pulses were due to stress.
From these studies we conclude that down-regulation of GnRH receptors by native hormone is a short-lived phenomenon in the pituitary of the ewe. Desensitization of LH responsiveness, but not FSH responsiveness, accompanies down-regulation. This desensitization is unrelated to pituitary content of LH, and probably involves a post-receptor defect since the concentration of GnRH receptors was restored to control values before the restoration of responsiveness to GnRH. The frequency and amplitude of LH pulses, and presumably GnRH pulses, was also suppressed by continuous exposure to GnRH. The role of those endogenous pulses in regulation of the number of GnRH receptors and pituitary responsiveness to GnRH is unclear. This research was supported by NIH grants HD 07841, HD 13568 and a grant from the Colorado State Experiment Station. 
